Best Practices Protocol for Drinking Water Supply Contamination Emergencies  by Di Palma, P.R. et al.
 Procedia Engineering  70 ( 2014 )  535 – 544 
Available online at www.sciencedirect.com
1877-7058 © 2013 The Authors. Published by Elsevier Ltd.  
Selection and peer-review under responsibility of the CCWI2013 Committee
doi: 10.1016/j.proeng.2014.02.059 
ScienceDirect
12th International Conference on Computing and Control for the Water Industry, CCWI2013 
Best practices protocol for drinking water supply contamination emergencies  
P.R. Di Palmaa,d,*, E. Romanoa, A. Corazzab, A. Durob, F. Campopianob, G. Vaccac ,E. Preziosia  
aIRSA-CNR, Water Research Institute - National Research Council, Via Salaria km 29,300, Monterotondo (Rome), Italy  
bCivil Protection Department, Via Vitorchiano 4 – 00189, Rome, Italy  
cUmbra-Acque, via G. Benucci 162 - 06087 Ponte San Giovanni (PG), Italy 
dDepartment of Civil, Constructional and Environmental Engineering, Sapienza University of Rome-Via Eudossiana 18 – 00184, Rome, Italy   
Abstract 
A procedure for the emergency management of accidental pollution of groundwaters exploited for 
human consumption is being developed in the framework of a collaboration between the Water Research 
Institute and the National Civil Protection Department. The aim is to produce a “Best Practices 
Protocol” (BPP) targeted to water managers, public water agencies and boards. In this paper the part of 
the BPP concerning fast screening modelling is discussed: different methods for the assessment of the 
arrival time and concentration at the withdrawal point are compared, using a hypothetical contamination 
scenario applied to a real well field in central Italy.  
© 2013 The Authors. Published by Elsevier Ltd. 
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1. Introduction  
In the framework of a collaboration between the Water Research Institute (IRSA-CNR) and the National 
Protection Civil Department (DPC) a Best Practice Protocol (“BPP”) for the emergency management of accidental 
groundwater pollution events is being developed. The availability and supplying of drinking water in Italy is very 
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different due to geographical and hydrogeological features. Groundwaters represent the main resource (85.6% as a 
national average (Istat, 2008, Onorati et al., 2006) even if there are differences between Northern, Central and 
Southern Italy. For example many large cities in Central Italy such as Rome, Naples or Perugia are totally supplied 
by groundwaters. In this scenario the urban and industrial development doesn’t consider properly the vulnerability 
of these aquifers, and in some cases the pressure is continuously increasing due to infrastructures such as railroads, 
highways, airports, as well as industrial plants sometimes located very close to the abstraction points. For these 
reasons the final aim of BPP is to provide water managers as well as public water agencies and boards, a tool to 
support the decision making during the different steps of the emergency: characterisation of the event, 
identification of the water resources possibly involved, identification of the institutional actors, emergency 
sampling and monitoring of the contamination, measures and responses both in the emergency and in the mean 
term (e.g. treatment, drinking water restrictions, provision with alternative resources, etc.). In a previous paper 
(Preziosi et al. 2013) a part of the procedure was presented, consisting in a Geographic Information System (GIS) 
tool which allows for the rapid identification of the water points which are possibly involved in the contamination 
event, based on the preliminary link to the relevant databases of the points of drinking water withdrawal. The tool 
is meant to facilitate the management of the available geographical data for further modelling and analysis of the 
site. In this paper the part of the procedure concerning fast screening modelling is discussed. The results of 
different methods for the assessment of the arrival time and concentration at the withdrawal point, from the simple 
nomograph to numerical codes are discussed and compared. 
 
2. Background analyses on contamination events and screening models 
A background analyses allowed us to understand the most common causes and contexts of previous outbreaks 
related to water contamination, and to define the state of the art on the fast screening mathematical models 
developed in the last decades for the scenario building and evaluation.  
Main outbreaks regards biological contamination of drinking water worldwide from 1980 to 2010, mainly due to 
the following circumstances: little communities not served by water supply (Lathi and Hiisvirta, 1995), countries 
with gaps in terms of health and hygiene (Jiin-Shuh, 1999, Heetae et al., 2011, Steyer et al., 2011), malfunction of 
disinfection service (Baldursson and Karanis, 2011, Chalmers, et al., 2000), extreme water events (Schuster et al., 
2005). The literature analysis surprisingly shows that biological contamination of drinking water still causes 
casualties or severe morbidity among the population in Europe or North America (Schuster et al., 2005, Viroclime, 
2011). Since the 9/11 terrorist attack, the main concern for water supply safety switched towards the fear of 
intentional biological, nuclear or chemical contamination actions, and the threat of deliberate poisoning directly in 
the supply network has been largely discussed (U.S. EPA, 2006 and HPA, 2012). However, due the possible 
physical and psychological consequences on the population, the attention to accidental biological or chemical 
contamination remains high.  
Concerning the fast screening models, their general aim is to provide the decision maker with a rapid although 
preliminary assessment of the likely arrival time and maximum concentration of a toxic compound at the 
withdrawal point. Among the first tools developed to assess the potential groundwater contamination by chemical 
compound, a graphical tool (nomograph) was elaborated in the early 80’s by the U.S. Environmental Protection 
Agency (US EPA, 1979 and 1983), to facilitate the computation of the analytical solution to the transport equation 
expressed in the EPA document. It allows to evaluate, within the 24-hour emergency response time frame, 
potential groundwater contamination. The quantitative procedure for estimating contaminant transport is based on 
the following assumptions related to contaminant characteristics and the subsurface environment: 
- Aquifer properties are homogeneous and isotropic throughout the model; 
- Steady state and uniform flow only in the 1D (vertical direction) for the unsaturated zone and 2D in the 
horizontal plane in the saturated zone in the groundwater flow direction; 
- Accordingly, contaminant movement is 1D in the vertical direction for the unsaturated zone and 2D in the 
horizontal direction in the saturated zone; 
- All contaminants are water soluble and exists in concentrations that do not affect water movement; 
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- No contaminant exists in the soil or aquifer prior to release from the source. 
 
In the last years a number of sophisticated (analytical and numerical) models have been developed to assess the 
extent of contamination and the associated risks from spills of organic liquids. Unfortunately the complexity of 
these models, especially the numerical ones, requires a large amount of chemical and hydrogeological data that are 
commonly not available in an emergency framework. Moreover they are computationally time intensive and 
expensive and are difficult to be used by non-expert users. Differently from these, the screening models assume 
simplified conditions (e.g. homogeneous permeability, a simple aquifer flow field, an analytical or semi-analytical 
solution for flow and transport equation) and can be used to simulate quickly the consequences of spills in soil and 
groundwater, hence allows for processing different scenarios. Two different screening models were identified as 
the most complete and easy to use: Hydrocarbon Spill Screening Model (“HSSM”, Weaver et al. 1994, 
Charbeneau et al., 1995) and Modeling with De Hoog and Laplace (“MDL”, Boupha et al., 2004)  groundwater 
software. HSSM, developed by the U.S. EPA, has been used as a simplified model to estimate the effects of Light 
Non-Aqueous Phase Liquid (“LNAPL”) spill volume and chemical properties on LNAPL redistribution in soils 
and groundwater, as well as down-gradient aqueous concentrations in the aquifer. The model simulates the release 
of the hydrocarbon at the ground surface, formation of lens in the capillary fringe, dissolution of constituents of the 
gasoline, and transport to a receptor in the aquifer. Differently from the nomograph, that assumes a total and 
immediate solubility in water for both unsaturated and saturated zone, in HSSM, the contaminant (in this case a 
hydrocarbon or LNAPL) is assumed to be composed of two components. The first component is the LNAPL itself, 
which is a liquid that is separate from and does not mix with the subsurface water. The second component is the 
dissolved phase of contaminants into the subsurface water that can be transported by the groundwater and 
contaminate down gradient receptor points. In the vadose zone LNAPL follows a one-dimensional path from the 
surface to the water table, while at the water table the LNAPL spreads radially. Dissolution of the chemical 
constituent is afterwards driven by the flowing groundwater and recharge water reaching the water table. The 
chemical constituent is transported by advection and dispersion to multiple receptor points in the uniform aquifer. 
 
Table 1. Main features of the models used. 
 
MODEL EQUATION DIMENSIONS SOLUTION SOLUTE TRANSPORT 
Nomograph Advective 
Dispersion Equation 
(ADE) 
1D vertical in 
unsaturated zone 
1D horizontal in 
saturated zone 
Analytical:  
Van Genuchten and 
Alves (1982) 
solution for both 
zones 
Yes 
HSSM Green-Ampt model 
for unsaturated zone 
ADE for saturated 
1D vertical in 
unsaturated zone 
2D (x,y) horizontal 
in saturated zone 
Analytical: 
Method of 
characteristic for 
unsaturated zone 
Gaussian solution 
for saturated zone 
Separated phase for 
LNAPL in 
unsaturated zone 
Dissolved 
compound in 
saturated zone 
MDL ADE 1D vertical in 
unsaturated zone 
1D horizontal in 
saturated zone 
Analytical: 
Applying Laplace 
transform to 
eliminate temporal 
derivates 
Yes 
RISFA ADE 1D vertical in 
unsaturated zone 
1D horizontal in 
saturated zone 
Numerical: finite 
difference scheme 
Yes 
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The model is composed of three modules, based on the simplified conceptualization described above. The first two 
modules of HSSM address the vadose zone flow and transport of the LNAPL. They are the Kinematic Oily 
Pollutant Transport (KOPT) and OILENS modules, to be used in sequence. The third module of HSSM, simulating 
transport of the dissolved phase through the aquifer, is the Transient Source Gaussian Plume (TSGPLUME) model, 
which uses an analytical solution of the advection-dispersion equation. 
MDL is a contaminant transport model suitable for simulating subsurface transport of contaminants, biotracers and 
microorganism. The model solves the transport equations in Laplace space with the De Hoog algorithm; it is used 
to numerically invert the frequency domain solutions. Finally IRSA-CNR is updating and further developing the 
numerical code RISFA (“RISFA”: Risk For Aquifer, Cicioni et al., 1994), coupling non-saturated and saturated 
zones, that solves the transport contaminants equation with a finite difference scheme. In the following table are 
summarized the main models’ features. 
3. Case study: Application of the screening models 
Several simulation have been conducted with the same input parameters in order to compare the different 
screening model aforementioned (Nomogragh, HSSM, MDL, RISFA).  
The area chosen for the simulation represents an area of particular vulnerability due to the close proximity of one 
the pumping wells to the railway line “Foligno-Terontola”, less than 50 meters, largely used for cargo transports. 
The threat of chemical spills during railroad transportation is of great concern (Yoon et al., 2009). The hypothetical 
scenario describes a train derailment with the sudden release of hydrocarbons, containing benzene, at 50 m 
horizontal distance from the well. The input values describing the physical properties for vadose and saturated 
zone are shown in table 2, while in table 3 the contaminant features and release modes considered in the 
simulations are summarized. 
 
Table 2. Input parameters for simulations. 
 
Unsaturated Zone: Parameters 
Filtration rate 12 cm/d 
Water content 20% 
Equivalent vertical hydraulic conductivity 1.64 E-06 m/s 
Bulk density 1.5 g/cm3 
Depth to water table 20 m 
Dispersion coefficient 10% non-saturated depth* 
Saturated zone: Parameters 
Hydraulic gradient: 2% 
Hydraulic conductivity (KSat) 1.0E-03/1.0E-04 (m/s) 
Groundwater velocity: 1.0E-05/1.0E-06 (m/s) 
Effective Porosity 12% 
Bulk density 1.5 g/cm3 
Aquifer thickness 50 m 
Receptor horizontal distance 60 m 
Longitudinal dispersivity (αL) 1.4 m** 
Transversal dispersivity (αT) 1.3E-03 
Longitudinal dispersion coefficient αL x vel. 
Transversal dispersion coefficient αT x vel. 
*Value used in the US EPA guidelines (1983) 
** value from the World Wide Hydrogeological Parameters Database 
(http://wwhypda.org/, Comunian and Renard (2009)) 
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Table 3. Contaminant input parameters. 
 
Contaminant: benzene Parameters: 
Release flux  0.5 m/d 
Input concentration  10 kg/m3 
Time release 1 d 
Risk concentration  1 mg/l 
Other physico-chemical characteristics available on DESC database 
(http://www.dsa.minambiente.it/sitodesc/ ) and IUCLID Chemical Data Sheet 
(http://ecb.jrc.it/existing-chemicals/) 
 
 
4. Results and comments 
The nomograph has shown the difficulty of use with the data of this case study, both for unsaturated and 
saturated zone. In fact, the velocity values were outside the graphical range of the tool. Thus the analytical solution 
of transport equation given in US EPA Guideline (Van Genuchten and Alves, 1983) has been used. 
Fig. 1 shows the concentration profiles from the leak at different times (25, 50, 100 days) to show the potential 
movement of the compound. Fig. 1 indicates that, while moving downward, benzene decreases its concentration 
with increasing depths due to adsorption and dispersion. Fig. 2 shows the time response at the groundwater table, 
with the concentration peak value (35 mg/l) found approximately 120 days after the release. This concentration has 
then been used as source concentration in the saturated zone. As for the saturated zone, the horizontal distance in 
the direction of groundwater flow to a potential receptor point at 50 meters from the leak is shown in Fig. 2. The 
area under the curve, approximately of 150 days (from 50 to 200 days), represents the actual quantity of the 
contaminant outflow from the unsaturated zone, that reaches the receptor point after advection-dispersion 
processes. 
 
 
 
Fig. 1. Unsaturated zone profile response from EPA model. 
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Fig. 2. Time response at the groundwater table and at the receptor point from EPA model. 
 
HSSM gave different results. Fig. 3 represents the calculated depth of the immiscible phase at different times in the 
vadose zone. At 75 days the LNAPL reaches the saturated zone, starting to form a lens above the water table. In 
Fig. 4, the concentration predicted at different horizontal distances is shown: the peak value of benzene 
(approximately 18 mg/l) is observed after 150 days. 
 
 
 
 
Fig. 3. Saturation profile from HSSM model. 
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Fig. 4. Receptor well concentration from HSSM model. 
 
MDL outputs supply two graphs: concentration vs. time for a given distance and vs. distance for a fixed time. In 
Fig. 5 a peak value of 30 mg/l is reached approximately 120 days after the release at 50 meters of distance. 
 
 
 
 
Fig. 5. Time response at the receptor point from MDL model. 
 
Finally RISFA (Fig. 6) shows a similar trend of concentration vs. distance compared to the nomograph results for 
the unsaturated flow at two different times (first arrival at the groundwater table at 145 days, peak arrival at 290 
days). However, the numerical solution calculates a longer arrival time and a lower peak concentration. This is due 
to numerical dispersion which is a well-known problem of the difference finite schemes (Holzbecher and Sorek, 
2005). The mass balance is however respected. 
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Fig. 6. Concentration curves (C/Cmax vs. Z/Zmax) in the unsaturated zone at different times left: 143 days; right: 527 days). 
 
Table 4 summarizes the different models results. Results for the arrival time at the groundwater table are 
comparable across the first three models, while Risfa presents a delay for the numerical problem aforementioned. 
Moreover, the arrival time at the receptor point at 50 meters form the leak, is similar enough for the analytical 
solution-based models and the maximum concentration values are of the same order of magnitude. 
 
Table 4. Comparison of the model results. 
 
Model 
First arrival 
time at 
groundwater 
table 
Arrival time of 
the max 
concentration at 
groundwater 
table 
Maximum 
concentration in 
groundwater 
Arrival time 
at receptor 
point 
Maximum 
concentration at 
receptor 
Nomograph 50 d 120 d 35 mg/l 230 d 12 mg/l 
HSSM 50 d* LNAPL phase 
N.d. 
Spreading 
LNAPL 
N.d. 150 d 18 mg/l 
MDL 50 d N.d. N.d. 120 d 30,5 mg/l 
RISFA 143 d 290 d 28 mg/l 370 d 5 mg/l 
 
5. Conclusion 
Screening models represent a valid tool to assess a rough estimate of the potential contamination due to an 
accidental pollution event, both in the unsaturated zone and groundwater, in an emergency framework. Different 
models have been proposed with increasing complexity of use. Results of different models, with a hypothetical 
scenario of contamination by hydrocarbons, show comparable values in terms of arrival time and concentration. It 
should be noted, however, that the analytical models examined are based on assumptions related to the subsurface 
environment and contaminant characterization, that can be retained too simplistic compared to real cases. All 
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models provide first-cut/screening values of the potential contamination and are suitable in emergency situations 
which require assessments in 24/48 hours delay to support immediate decision making in anticipation of a more 
detailed site characterization and a more refined modeling, to design the following remediation activities. 
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